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SiliconThe reliability of solar cells is an important parameter in the design of photovoltaic systems and partic-
ularly for cost estimation. Solar cell degradation is the result of various operating conditions; tempera-
ture is one of most important factors. Installed PV modules in desert regions are subjected to various
temperature changes with significant gradient leading to accelerated degradation. In the present work,
we demonstrate the influence of open-circuit condition on the degradation of PV modules. The experi-
ment is carried out in the desert region of ADRAR (southern Algeria) using two modules IJISEL of
single-crystal silicon. A continuous monitoring allows analysis of both performances of modules for dura-
tion of 330 days. The module in open-circuit condition reaches higher temperature means than the mod-
ule in charging condition; therefore, it undergoes a higher degradation. By simulation, we found that the
life of a PV module (whose power output is close to 50%) in a condition of an open-circuit in the desert
region could be reduced to 4 years, and that has a significant impact on economy.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Aging or degradation of performances of an energy system dur-
ing its lifetime is a consequence of the laws of nature; such a sys-
tem will never work with the same performance and without
breaking. Reliability is a science that allows us to obtain informa-
tion on the proper functioning of a system and the duration of its
life. This requires deep knowledge of the operating environment.
Several studies have tested the reliability of PV modules under
nominal and stochastic conditions, and they were based on several
methods to estimate the life of photovoltaic system [1–4]. A study
has declared that only about 13% of the total incident solar energy
is converted into electricity and little of it is reflected by the cell
surface, thus >85% of the incident energy must be dissipated as
heat by the cell [5]. In this condition, the solar cell operates at a rel-
atively high temperature; the situation is even more serious if the
module is left in open-circuit. Another experimental study pre-
sented the rate of degradation of photovoltaic modules, exposed
in natural environments for about 40 years [6]. The author ofanother experimental work – aimed to expose the failure
modes and rates of degradation of crystalline silicon-type
modules – concluded that the first modules connected to the inver-
ter (chargers) had about twice the average degradation rate in
comparison to modules left in open circuit [7]. Other experimental
study investigated the effect of temperature on the degradation of
photovoltaic cells and modules. It showed that the most significant
change is the voltage that decreases with increasing temperature
[8]. Another research article based on experimentation showed
that a-Si (amorphous silicon) cell type operating in open circuit
condition may deteriorate to 38%, unlike similar cells operating
in maximum power conditions which deteriorate on average of
14% after 13 days of exposure to solar fields [9].
The main goal of this paper is the study of the influence of open-
circuit condition on the degradation of PV modules in desertic
environments. To demonstrate this, we compared two identical
modules exposed to sunlight under similar conditions; one of the
two is in open circuit, while the other is connected to a charge.
The obtained results of this experiment will be taken into account
in the simulation phase so as to predict the average life of the two
modules. The diversity of viewpoints related to this phenomenon
will be discussed in ‘‘the results and discussion” section.
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The following experiment took place in the Research Unit in
Renewable Energy in Saharan Environment (UREMS – ADRAR –
southern Algeria). We exposed two photovoltaic modules of crys-
talline silicon to sun radiation. Their electrical specifications that
were provided by the manufacturer and the characteristics that
were measured in site are summarized in Table 1 below:
The modules are called:
– A1: the module connected to charge.
– A2: the module in open circuit. See Fig. 1.
We measured the electrical characteristics of both modules
prior to exposure to radiation from the sun, and after 100 days,
then after 330 days respectively (from 20/07 to 03/11/2015, and
to 16/06 /2016).Fig. 1. The two modules A1 and A2.
Fig. 2. Initial I–V and P–V characteristics of both modules in the standard
conditions before exposure.
Fig. 3. I–V and P–V characteristics after a period of 100 days of exposure.Results and discussion
The results obtained are shown in Fig. 2–4, respectively (they
are given in the standard conditions – 1000 W/m2 and 25 C –
using the solar analyzer. Quantities extracted from curves of the
preceding figures indicate the degradation of the electrical perfor-
mance of the two modules; they are shown in Table 2 below.
We notice that:
– A degradation rate of the maximum power (PM) of 07.8% after
100 days and 18.9% after 330 days for the module A1. And
11.8% after 100 days and 22.8% after 330 days for the module
A2. These results are in agreement with the already reported
results in reference [9] that has shown that amorphous silicon
(a-Si: H) solar cells operating under open circuit conditions
can degrade more when compared to similar cells operating
under maximum power conditions after 13 days of field
exposure.
– A degradation of short circuit current (ISC) of 07.7% after
100 days and 17.8% after 330 days for the module A1. And
13% after 100 days and 20.9% after 330 days for the module A2.
– A degradation of voltage in open circuit (Voc) of 0.5% after
100 days and 6% after 330 days for the module A1. And 0.9%
after 100 days and 6.5% after 330 days for the module A2.
– A slight increase in the fill factor (FF) of 0.3% after 100 days and
4.9% after 330 days for the module A1. And 2.2% after 100 days
and 4.4% after 330 days for the module A2, which means an
improvement of the energy conversion during this time. The
significant evolution of the fill factor of the module A1 com-
pared to the module A2 is taken into account.
To find the origins of this degradation, we monitored the
evolution of temperature degrees of the two modules during
their exposure to the sun, which was done during 04 succes-
sive days (November 19th, 20th, 21st, 22nd 2015). It was
found that throughout the mentioned period, the temperature
degrees of both modules (A1, A2) have increased. An example
of the temperature increase for the modules in one day is
given in Fig. 5.Table 1
The specific electrical characteristics of module before exposure.
Parameter PM (W) VOC (V) ISC (A)
Manufacturer 80 18.58 5.59
Standard conditions 78.804 19.420 6.113
Out-door conditions (ADRAR) 50.411 17.729 4.079Through Fig. 5 the following results were observed:
– Temperatures of the modules rise during the day (in proportion
to the radiation).
– The temperature of the module A2 is always higher than the
temperature of module A1 in the period of significant illumina-
tion of the day, with a difference that reaches an average of
15 C. We must take into account that these measurements of
temperature were taken in ‘‘not very hot” days (temperature
does not exceed 40 C).
Fig. 4. I–V and P–V characteristics after a period of 330 days of exposure.
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ory, the following concepts: The incident photons on the solar cell
are processed according to their energy, with respect to silicon gap
(the width of the band gap Eg ¼ 1:12 eV) which represents the
absorption threshold. There are 3 possible cases [10]:
– If the energy of the photon incident Ephoton < 1:12 eV, this
energy is insufficient to liberate an electron from the valence
band; it passes through the material, releasing a portion of
energy in the form of phonons, which causes the vibration of
the atoms in the material in increasing its temperature.
– If 1:12 eV 6 Ephoton 6 1:77 eV, absorption of this energy by the
crystal produces indirect transitions, not-radioactive, of elec-
trons from the valence band to the conduction band, creating
a free pair of charge carriers (electron – hole) because the sili-
con has the indirect gap.
– If 1:77 eV 6 Ephoton 6 4:13 eV, in this case the excited electron
can pass vertically from the valence band (VB) to a minimum
central from the conduction band (CB) and then to thermalize
to the absolute minimum of (CB). This phenomenon of thermal-
ization provides a thermal energy to the material which
increases the temperature of the cell (Fig. 6) [11].
The charges created, that have not recombined in the cells of
the module A1, head to the external circuit to feed a charger. The
charges generated in the cells of the module A2 have only the pos-
sibility to recombine following the two mechanisms SRH
(Shockley-Read-Hall) and Auger [12,13], resulting in the raising
of the temperature of these cells related to the cells of module
A1 (which interprets the results of the experiment). The increase
in material temperature causes the expansion of the crystal net-
work, which causes contraction of the width of the band gap
ðEgÞ, then the saturation current will be increase, and finally the
open circuit voltage will be decreases [10]. The open circuit voltage
an ideal cell is related to temperature by the following demonstra-
ble formula [10]:Table 2
Summary of electric parameters of modules A1 and A2 in the standard conditions.
ISC (A) VOC
Before exposure 6.113 19.4
After 100 days of exposure Module A1 5.639 19.3
Module A2 5.320 19.2
After 330 days of exposure Module A1 5.025 18.2
Module A2 4.837 18.1Vco ¼ Egq 
KT
q
ln
CT3
Iph
 !
ð1Þ
– Eg: The energy gap of silicon
– C: It is a constant independent of temperature
– Iph : Current generated illumination
– q: Elementary charge
– K: Boltzmann’s constant
It is clear to see that the voltage in open circuit is inversely pro-
portional to the variation in the cell temperature. The degradation
is justified by the successive variation of stochastic daily thermal
cycles successively causing the expansion and contraction of the
crystal lattice of the silicon. This movement of the network is not
perfectly elastic because of the presence of defects in the material.
The cells of the module A2 receive large thermal cycles to those of
the module A1 (because TðA2Þ > TðA1Þ) so the degradation will be
greater. This deterioration seen after the short exposure (330 days)
is insufficient to judge the reliability of the module connected to
that in open circuit throughout the entire operating life, a question
that asks to wait a lot of time and blow. A simulation technique can
probably inform us on the future status of these devices, what we
want to do.
Based on previous work [14], that verified that the model of
WEIBULL is appropriate to model the reliability of photovoltaic
modules in crystalline silicon in the Saharan environment. Perhaps,
other models of mathematical statistics will be more reliable to
simulate the reliability and estimating the life span of these elec-
tronic equipments in these natural environments. But, so far, no
study – that presented the simulation of the reliability of this type
of solar modules by another mathematical model – in these desert
environments has been found. The only existing study (mentioned
above) has verified the validity of the WEIBULL model compared to
the models (exponential and gamma). We try to estimate here the
reliability and the lifetime of these modules A1 and A2. The model
of WEIBULL is characterized by [15,16]:
& Reliability function is:RðtÞ ¼ e tgð Þ
b
ð2Þ
With:
– b : parameter of the form of model (b > 0)
– g: scale parameter (g > 0), which indicates the magnitude of
the average lifetime, denoted by MTBF (Mean Time Between
Failure)
& The instantaneous failure rate is given by:hðtÞ ¼ b
g
t
g
 b1
ð3Þ
& The average life (MTBF) is given by:(V)
20
27
39
50
52MTBF ¼ gC 1þ 1
b
 
ð4ÞPM (W) IMP (A) VMP (V) FF (%)
78.804 5.566 14.159 0.664
72.608 5.198 13.967 0.666
69.463 4.875 14.249 0.679
63.903 4.619 13.834 0.697
60.820 4.326 14.060 0.693
Fig. 5. Changes in the temperature of modules for a day example (Nov 20th, 2015).
Fig. 6. Inter-band transition of electrons in a semiconductor [11].
Table 3
Parameters of WEIBULL model in run-in period.
b g (years) MTBF (years)
Module A1 0.8107 6.212 6.9725
Module A2 0.6254 7.7776 11.1104
840 M. Boussaid et al. / Results in Physics 6 (2016) 837–842where C is the function defined by:
C 1þ 1
b
 
¼
Z 1
0
x1=bexdx ð5Þ
The WEIBULL model can model the reliability of an electronic
system according to the b value in the three life phases [15]:
(1) If b < 1 the failure rate decreases, this is the run-in period.
This decrease is explained by the gradual elimination of
defects. When this period is shorter, the system is reliable.
(2) If b ¼ 1 (Practically about 1) the failure rate is constant. The
system is in useful period (should be the longest). The WEI-
BULL model in this case is an exponential model.
(3) If b > 1 the failure rate is increasing, it is the period of the
aging system.
Using the following formula to calculate the WEIBULL parame-
ters of both systems (A1 and A2):
lnð lnRÞ ¼ b ln t  b lng ð6ÞThat will be reported in Table 3.
The failure rates of A1 and A2 modules in this run-in period are
presented by the following graph (Fig. 7).
It is concluded from this graph that the module A1 is lapped in a
short time (<1 year) comparing with the module A2 (<3 year). The
rate of degradation decreases rapidly and becomes stable through-
out the second period (period of use). This result is in agreement
with the results of AKMAD et al. [17], but for a different environ-
ment and a different material (a-Si: H). He showed that during
the first year of exposure, the module is degraded by a relative
18%, that took place mainly in the first months of exposure to
the sun, after it became negligible and then almost stable during
the second year.
The Reliabilities of PV modules A1 and A2 in the run-in period
are presented in the Fig. 8.
Fig. 7. Rates failures of modules in run-in period.
Fig. 8. Reliabilities of PV modules in run-in period.
Table 4
Parameters of WEIBULL model in aging period.
b g (years) MTBF (years)
Module A1 1.806 34.142 36.57
Module A2 2.341 27.269 31.94
Fig. 9. Rates failures of modules in aging period.
Fig. 10. Reliabilities of PV modules in aging period.
Table 5
Prediction of maximum power of modules in aging period.
PV
modules
Time when PM > 80% of initial
power
Time when PM > 50% of initial
power
A1 21 years 35 years
A2 22 years 31 years
M. Boussaid et al. / Results in Physics 6 (2016) 837–842 841We note that the power supplied by the module A1 is greater
than that provided by the module A2 in this period. It means that
the module A2 downgraded more in this case. This result is in
accordance with reference [9], but for a different environment
and a different material (Result already cited above).
To predict the situation in the aging period, we take the values
presented in reference [14] for the WEIBULL model parameters for
the A1 module (because it is the same material, in the same med-
ium, at the same case). We believe the A2 module will be degraded
in the same way with respect to the module A1 in the period of
aging (like the run-in period) because the operating conditions
remain the same. So we can write:b1 running
b2 running
¼ b2 aging
b1 aging
ð7Þ
And
g1 running
g2 running
¼ g2 aging
g1 aging
ð8Þb1;2;running: These are the parameters of the form of the WEIBULL
model associated to the modules A1, A2 in the run-in period.
b1;2;aging: These are the parameters of the form of the WEIBULL
model associated to the modules A1, A2 in the period of aging.
g1;2;running: These are the parameters of scale of the WEIBULL
model associated to the modules A1, A2 in the run-in period.
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model associated to the modules A1, A2 in the period of aging.
The values obtained after the calculation are shown in Table 4:
It is noticed that the estimated average lifetime of the module
A1 is higher than the A2 module by more 4 years.
In this case the failure rate after change of time scale is pre-
sented in Fig. 9.
He noticed the rapid growth of rate of degradation of module A2
relative to the module A1 in aging period. The reliability of the
modules A1 and A2 after change of time scale are shown in the fol-
lowing Fig. 10.
From this figure, it is estimated that the maximum power sup-
plied by the module A1 is slightly degraded compared to that of the
module A2 in nearly 25 years, a result that is consistent with
results published by the reference [7], of the same material (sili-
con) but in a different environment (Location: – ISPRA – or the
temperature is between (10 C . . .þ 35 C), and moisture is
> 90% RH). The author has found that throughout of 18 at
24 years, the average annual of degradation of all connected mod-
ules was 0.8% while the average for all modules in open circuit was
0.6% per year.
We can extract of Fig. 10 the following results (Table 5).
The importance of these results is that, if a PV module of silicon
crystalline type is programmed to operate until the degradation of
maximum power reaches half the initial power or more, the lost
energy- in case of an open circuit – will be bigger that of a con-
nected module. The loss will also be huge if the number of panels
is large (example of mega solar).Conclusion
It is concluded from this study that performance of photovoltaic
modules C-Si is attributed to climatic conditions and the situations
in which they operate. The experience shows that the PV module of
mono crystal silicon type when exposed to solar radiation, in open
circuit condition, in a desert environment are visibly degraded
compared with those connected to a charge, in identical weather
conditions throughout three years of exposure to the sun. After
that they become slightly reliable in the useful period.
The modeling of the reliability of PV modules by the WEIBULL
model has allowed us to estimate the lifetimes of these apparatus
in the period of aging and achieve results consistent with the
experimental results published previously. The average life span
of these modules in open circuit, that was estimated in these Saha-
ran environments is lower than that of those connected for almost
four 04 years (whose the electric power has not yet deteriorated at
55%). That is important from an economic point of view.The thermal cycles imposed on the C–Si cells in this natural
environment – characterized by large temperature variation –
are considered as the principal factor of degradation. We finally
were able to disclose the differences between the various opposing
declarations in the studies [7,9].
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